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The present study investigated the regulatory mechanisms of electrolyte transport in 
the rat epididymis. First, in order to elucidate a paracrine and /or autocrine role of 
angiotensin II in the rat epididymis, the localization and distribution of angiotensin II 
in the rat epididymis was studied using immunohistochemical and RIA techniques. The 
immunohistochemical results showed that angiotensin II-like immunoactivity 
progressively increased along the length of the rat epididymis (cauda>corpus>>caput) 
and was predominantly localized in the basal region of the epididymal epithelium. 
Occasionally, immunostaining of lighter intensity was found in the apical region. The 
concentration of angiotensin II in cultured rat cauda epididymal epithelial cells was 
further measured by RIA. In addition to that found in cells, angiotensin II activity was 
also detected in the culture medium, suggesting a secretory role of the epithelium. 
These findings suggested that angiotensin II could be derived locally from epididymal 
epithelium and that it could play a role in local regulation of epithelial transport by 
playing its paracrine and/or autocrine effects in various regions of the epididymis. 
Second, the cellular mechanisms underlying cAMP-dependent anion transport by the 
rat epididymis was investigated. Since angiotensin II was reported to stimulate anion 
secretion and increase cellular cAMP levels in the rat epididymal epithelium, cAMP 
could be involved in mediating the Ang II stimulation of anion secretion. Therefore, 
the cAMP-mediated electrogenic C1" and HCO3' secretions across cultured rat cauda 
epididymal epithelia were also studied using the short-circuit current (Isc) technique. 
The present study provided evidence showing that epididymal cells secreted C1" and 
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HCOs' concurrently but indepedently under stimulation of cAMP. HCOs" secretion 
predominated over C1" secretion when incubated in normal solution (C1_, HCO3" 
containing). The cellular mechanisms ofHCO3" secretion involved a basolateral Na+-H^ 
exchanger and an apical cystic fibrosis transmembrane conductance regulator (CFTR), 
a cAMP-activated C1" channel. This study also provided evidence for an apical 
electrogenic Na+-HCO3- cotransport which accounted for 30% of HCO3"secretion 
(CFTR accounting for 70% ). The evidence for the primary ofHCOs" secretion in the 
epididymis further supported the notion that the epididymis regulates intraluminal pH 
to influence sperm function. About 30% HCO3" secretion due to Na^ -HCO3" 
cotransport, which was mediated by a CFTR independent-mechanism, might have 
relevance to cystic fibrosis (CF), a genetic disease often associated with obstruction 
and atrophy of the epididymis and male infertility. It suggested that physiological 
regulation of the apical Na^ -HCO3" cotransport could provide an alternative pathway 
for HCO3" exit to circument the defective CFTR function in CF. 
In conclusion, angiotensin II could be produced locally in the rat epididymal 
epithelium, exerting its paracrine and /or autocrine effects in the regulation of epithelial 
transport. In addition, the evidence for independent C1" and HCO3" secretion and 
involvement of an apical Na^ -HCO3" cotransporter could be helpfol for further 
elucidation of agonist-stimulated anion transport in the rat epididymis. 
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CHAPTER 1 LITERATURE REVffiW 
1.1 Introduction 
The epididymis is an integral part of the male reproductive system. It has been 
shown that spermatozoa undergo important maturation changes in the epididymis of 
most mammals including human and that these changes confer on the sperm fertilizing 
ability (Bedford, 1967; Orgebin-Cirst，1967). It is also believed that the epididymis 
plays an important role in regulating fertility of sperm by creating an optimal 
microenvironment vital for their maturation. Disruption ofthe microenvironment such 
as by defective epididymal fluid secretion could lead to obstruct sperm as seen in cystic 
fibrosis, Young's syndrome and other unexplanied cases of male infertility. It is this 
indispensable role ofthe epididymis that has given rise to the epididymal approach, an 
antifertility strategy based on intervention of sperm fiinction at a post testicular level. It 
is known that the rat epididymis possesses mechanisms to transport acid/base (Au & 
Wong, 1980) and electrolyte and water (Wong & Yeung, 1978) to regulate 
intraluminal pH and ionic /fluid environment. The viscosity of the epididymal fluid 
affects sperm transport and determines the concentrations of sperm as well as factors 
influencing sperm maturation (Wong, 1986). Therefore, regulation of epididymal 
electrolyte and fluid secretion has been the main focus ofthe present study. 
1.2 Anatomy and functions of the epididymis 
1.2.1 Anatomy of the epididymis 
The epididymis is a single highly convoluted tubule connected proximally to the 
rete testis through the efferent duct and distally to the vas deferans which empties into 
the ejaculatory duct. The structure of the epididymis has been studied in many 
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mammalian species (Benoit，1926; Hamilton, 1972; Cooper and Jackson, 1974; Hinton 
et al.，1979). The epididymis could be schematically divided into four divisions: the 
initial segment, the head (caput epididymis), the body (corpus epididymis) and the tail 
(cauda epididymis) (Robaire and Hermo, 1988). 
It is clear that the ducts and some accessory glands of the male reproductive tract 
are derived from the mesonephros and mesonephric (Wolffian) duct during 
embryogenesis. The mesonephric excretory system is functional in amphibians and 
other lower vertebrates but is replaced by the metanephic kidney in highter vertebretes. 
During mammalian embryogenesis, a mesonephric system forms and regresses, but 
the middle part of mesonephric duct becomes the epididymis. This region of the 
mesonephic ducts grows and folds upon itself during organogenesis. The 
epididymis, like the kidney, is embryologically derived from the nephronic ridge 
(Grove & Speth，1989). For the above reason, it is possible that vasoactive peptides 
(i.e angiotensin II) which have been shown to act on the kidney, may also act on the 
epididymis to regulate fluid and electrolyte transport in the epididymal tubule. 
L2,2 Histology and cytology of the epididymis 
Histological studies of the epididymis have been performed in many species. The 
epithelium of epididymal duct is of the prismatic psudostratified type which basically 
comprises at least two cells, principal cells and basal cells. Three additional types of 
cells (narrow cells, clear cells and halo cells) have also been identified in the rat (Reid 
et al., 1957; Hamilton, 1975) and mouse (Soranzo, 1982)，in monkey (Ramos et al., 
1977) and hamster (Flickinger et al., 1978). Regional changes in the histology of the 
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epididymis have been described in the rat (Reid and Cleland, 1957; Cooper, 1986; 
Rebaire and Hermo, 1988). 
In the initial segment, principal cells make up 80 % of the total cells, the basal cells 
contribute 12 %, and halo cells make up just 5 %, the remaining 3 % is made up by a 
cell type found only in this region of the epididymis-narrow cells. The principal cells 
are very tall in this segment, and the tubular and luminal diameter are relatively small 
(Reid and Cleland, 1957). 
In the caput epididymis, the relative distribution of principal and basal cells is 
maintained. Clear cells and halo cells are encountered. Compared with initial segment 
the luminal diameter of the caput epididymis is greatly increased and the height of 
principal cells decreased. The sparser density of spermatoza in the lumen of the caput 
epididymis coincides with the increase in luminal diameter (Reid and Cleland, 1957; 
Robaire&Hermo，1988). 
In the corpus epididymis, the relative contribution of principal cells declined to 
69%, while the basal cells increase to 21%, the clear cells increase by 30% and halo 
cells decrease to 3.8% (Robaire and Hermo, 1988). Neither cell height nor luminal 
diameter change markedly through out the corpus (Reid and Cleland, 1957). 
In the cauda epididymis, the numbers of basal and halo cells are similar to those 
described for the corpus epididymis. A decrease in the relative distribution of the 
principal cells in the cauda epididymis is accounted for entirely by an increase in clear 
cells to about 1% (Robaire and Hermo, 1988). The tubular diameter increases 
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substantially in the cauda epididymis, as does the density ofthe spermatozoa (Reid & 
Cleland, 1957; Turner, 1984). 
In addition，the epididymal duct is surrounded by connective tissue and several 
layers of smooth muscle fibers. In most species the connective tissue contains 
fibroblasts, capillaries, small nerves, lymphatic vessels and wandering cells of the 
stroma (Setchell et al., 1964). The amount of muscular layer may vary between 
different segments of the epididymis. Generally，there are two of these layers in the 
initial segment but these increase greatly in more distal regions ofthe duct. Peristaltic 
contraction of these muscular layers play an important role in sperm transportation 
through the epididymis . 
1,2,3, Innervation and vasculation of the epididymis 
The epididymis is supplied by the middle spermatic nerves (Hamilton, 1972). In the 
studies ofman and the cat the middle spermatic nerves originate from the hypogastic 
plexus and accompany the spermatic artery to the epididymis. However, in the other 
species, a group of nerves leaves the termination of the hypogastric nerve and passses 
to a group ganglia located near the termination of the ductus deferens from where they 
travel to the epididymis along the ducts deferens. The inferior spermatic nerves arise 
from the pelvic plexus and contain both sympathetic and parasympathetic fibers. These 
nerves form a plexus around the ductus deferens. The nerve supply the muscle of the 
ductus deferens and continue to the cauda epididymis. 
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There are rich adrenergic and cholinergic perivascular plexuses throught the 
epididymis. However, the distribution of interstitial and peritubular adrenergic and 
cholinergic nerves varies considerably in different anatomical regions of the epididymis, 
and in different species. Normally, the caput and corpus epididymis are sparesely 
innervated whereas the innervation of the cauda epididymis becomes progressively 
more extensive. In the human epididymis, adrenergic innervation has been shown with 
a higher density offibers in the cauda than in the proximal region. Stimulation of the 
nerves that supply the smooth muscle cells surrouding the duct results in ductal 
contraction (mediated by a-receptor), and stimulation of the those leading to the 
epithelial cells results in fluid secretion (mediated by p-receptor). It is proposed that 
both ductal contraction and fluid secretion play a role in the seminal emission (Wong, 
1990). 
The blood supply to the epididymis arises from two main arterial routes: proximal 
branches from the spermatic artery and distal supply from the deferential artery. The 
superior epididymal artery supplies the initial segment, caput and proximal corpus 
epididymis, while the inferior epididymal artery serves the corpus and proximal cauda 
epididymis. These can be seen in many�species, particularly in the rat (Chubb et al., 
1982). The other arterial route is the continuation of the deferential artery, which 
supplies the cauda epididymis and anastomoses at various levels with the branches 
from the spermatic artery. The epididymal and defential veins follow the same route as 
their respective arteries. 
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Anastomoses between the epididymal arteries and deferential artery occur on the 
surface of the epididymis (Kormano, 1968; Chubb et al.，1982). Also, extensive 
anastomoses occur between the epididymal veins. The epididymal arteries ramify on 
the surface of the epididymis and enter the organ centripetally within the connective 
tissue septula，which divide the epididymis into zones (Chubb et al.，1982). Each septal 
artery provides branches to both adjacent zones to form capillary networks around the 
tubule(Kormano, 1968). 
LZ4Sperm maturation and fertility in the epididymis 
It has been shown in all mammalian species studied, including man, that 
spermatozoa first formed in the testis are immature, immotile, and incapable of 
fertilizing the ovum. It is only during their transit through the epididymis that they 
gradually acquire their fertilizing capacity and capacity for forward motility. 
Maturation is associated with morphological and functional changes in the sperm. The 
morphological changes include loss of the cytoplasmic droplet and minor alterations in 
the size and shape of the acrsome and midpiece in many species. Changes in the 
composition involve the appearance of new membranous surface components and 
alternations in preexisting surface components. Functional changes in maturing 
spermatozoa include alterations in metabolism, development of the ability to bind to 
the zona pellucida, and modification in the pattern and effectiveness of flagellar activity 
(increasing motility). All these changes are largely the results of the interactions of 
spermatozoa with the epididymal epithelium (Bedford, 1975) and the epididymal 
plasma (Glover et al.，1974). These changes confer on the sperm the ability to ascend 
the female genital tract and to penetrate the zona pellucida (Lamb & Foster，1988). 
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The epididymis plays a crucial role in sperm maturation by creating an optimal 
microenvironment for the sperm. It is this indispensible role played by the epididymis in 
sperm maturation that has given rise to the 'epididymal approach' an antifertility 
strategy based on intervention in sperm function at a post testicular level. 
Similarily，the dependence of sperm function on the epididymis has led to male 
infertility problems with epididymal dysfunction as the cause. One of the most 
consistent findings in men with cystic fibrosis (CF) is an abnormality ofthe epididymis 
and vas deferens. CF is the most common lethal genetic disease of Caucasians. The 
disease characteristically affects most of the exocrine organs, e.g the sweat glands, 
pancreas, airways, and the epididymis. In all cases, the primary disturbance is caused 
by defective fluid secretion leading to obstruction of the duct part of the glands by 
thick inspissated material. Men with CF who have survived to adulthood are infertile 
because of obstructive azoospermia (Di Sant'Agnese, 1968; Seale et al., 1985). 
Sometimes the epididymis is absent and this morphogical change may be secondary to 
defective secretion. Obstruction is caused by thick inspissated material blocking the 
lumen, a situation very similar to that seen in the airway and pancreatic ducts of CF 
patients. 
It is now known that CF predominantly affects cAMP-dependent epithelia. It is the 
cyclic AMP-dependent activation of C1' channels at the apical membrane that fails. 
The link between CF and a defect in cAMP-mediated C1" transport in secretory 
epithelia has been established.The CF gene product, the cystic fibrosis transmembrane 
conductance regulator (CFTR) protein is a member of a family of ATP-binding 
proteins that act as unidirectional solute pumps, and overexpression ofthe protein in a 
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variety ofdifferent cell types is associated with the appearance of a cAMP-sensitive 
Cr channel (Fuller & Benos, 1992). The CFTR functions to regulate both C1_ and Na+ 
conductive pathways. However, the cellular mechanisms whereby CFTR act as a 
conductance regulator are unknown. CFTR and outwardly rectifying C1" channels 
(ORCCs) are distinct channels but are linked functionally by recent model proposed by 
Guggino and his colleagues (Schwiebert et al.，1995). They illustrate a regulatory 
interaction between CFTR and ORCC in the airway cells. According to this model, 
cAMP can regulate ORCC by triggering the transport and release ofintracellular ATP 
through CFTR. So, CFTR functions to regulate other C1' secretory pathways in 
addition to conducting C1' itself. In this way, cAMP can stimulate C1' secretion via both 
CFTR and ORCC, and in the absence ofCl", HCOs" may be secreted since both CFTR 
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and ORCC have been shown to conduct HCOs" (Poulsen et al.，1994). 
CF is not the only example in which defective secretory fiinctions are linked to 
male infertility. Obstructive azoospermia seen in patients with Young's syndrome 
(sinopulmonary disease; Handelsman et al., 1984) may also have a similar 
pathophysiological basis. Similarily，a number of cases of male infertility may well be 
the result of abnormal fluid transport. 
L2.5Absorptive and secretory processes in the epididymis 
The epididymis modulates the composition of the fluid in which spermatozoa are 
suspended by absorptive and secretory processes. In mammals, the epididymis absorbs 
more than 95% the fluid coming from the testis, sperm enter the epididymis as a 
diluted suspension, with only a few seen in each tubule cross section in the caput 
region (Lamb and Foster, 1988). By the time they reach the tail of the epididymis, they 
are higMy concentrated and fill the lumen. During this process the epididymal fluid pH 
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decreases from 7.4 to 6.6 and there is one considerable change in the concentration of 
some ions. Epididymal fluid differs from rete testis fluid and blood plasma in the 
concentrations of various ions, enzymes and organic components (Mann & Lutwak-
Mann, 1981). The absorption of macromolecular and particulate material from the 
epididymal lumen has been demonstrated throughout the epididymis (Lamb and Foster, 
1988). The pathway ofthis absorption process begins in the pinocytotic vesicles at the 
base ofmicrovilli, continues into coated vesicles and ends in the multivesicular bodies 
and lysosomes deeper in the cytoplasm ofprincipal cells. 
Secretory activities ofthe epididymal epithelium alter the contents ofluminal fluid 
and modify both the biochemical composition and physiological characteristics of 
sperm. These include the secretion of specific sperm-coating proteins found to be 
responsible for capacitation, acrosome reaction, penetration of the cumulus oophorus, 
and zona pellucida brings (Cooper, 1986). These changes are crucial to successful 
fertilization. 
1.2.6Regulation of epididymal anion secretion 
The epididymis transports electrolytes and fluid in both directions across the 
epithelium. It is primarily absorptive under basal conditions and becomes secretory 
upon agoinst stimulation. It has been shown that the epididymal epithelium secretes 
Cr and HCO3'concurrently in response to a number of secretomotor agonists (Wong, 
1990; Leung & Wong, 1994). It is concluded that secretion is mediated by the 
simutaneous activities of a Na+-K+-2Crsymptor, a Na+-BT exchanger and Cl -HCO3' 
exchanger in the basolateral memberane (Wong, 1988a) and the opening of the anion 
channels in the apical membrane (Wong, 1988b; Huang & Wong，1988). Apical anion 
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channels are the major control sites determining the rate ofepithelial secretion (Welsh, 
1987). The agonists activate surface receptors on epithelium triggering a rise in 
intracellular second messagers i.e cAMP and Ca"", which lead to activation ofapical 
anion channels. 
Previous studies have suggested that C1' secretion in the epididymis may be 
regulated by the sympathetic nervous system through adrenergic nerve innervation and 
circulating catecholamine stimulation. Using the immunofluoresence technique, 
adrenergic fibers were found in the epithelium of the cauda epididymis, as well as 
blood vessels, tubular smooth muscle, suggesting that adrenergic may serve as a 
secretomotor function (Wong et al., 1992). Using the short-circuit current technique, 
adrenaline has been demonstrated to elicit a rise in C1" secretion at a dose close to the 
plasma level of catecholamine, suggesting that circulating catecholamines may also 
play a role in regulating epididymal C1" secretion (Leung et al., 1992b). By studing the 
effects of adrenergic agonists and antagonists on patch clamped whole-cell current as 
well as short-circuit current, it has been shown pharmacologically that rat epididymal 
epithelium possesed ai-, pi-，P2-adren0cept0rs(Leung et al., 1992a; Chan et al., 1994). 
In addition to neural and hormonal regulation,anion secretion in epididymis may be 
subject to local paracrine /autocrine control. Luminal ATP, either released from sperm 
or secreted by the epididymal epithelium, has been suggested as one ofthe local factors 
regulating epididymal anion secretion. Extracellular ATP has been shown to stimulate 
epididymal C1" secretion involving apical P2-purin0cept0rs (Wong, 1988c) and different 
cellular signaling pathways (Chan et al., 1995a) leading to activation ofboth Ca++ and 
cAMP- dependent-Cr channels in rat epididymal cells (Chan et al., 1995b). 
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Vasoactive peptides such as angiotensin II (Wong et al., 1990), endothelin (Wong 
et al.，1989), CGRP (Leung et al., 1992) and arginine vasopressin (Lai et al.，1994) 
have been shown to have effects on C1" secretion by the rat epididymis. A paracrine 
/autocrine role has also been established for these peptides based on their local origin 
and local regulation. 
The renin-angiotensin system has been studied extensively since the early 1930， 
when Goldblatt and colleagues discovered that renal artery constriction led to elevated 
renin production and hypertension (Williams et al., 1993). Renin is an asparyl protease 
that is produced by the kidney and cleaves angiotensinogen to release the ten amino 
acid angiotensin I. The peptide is further trimmed by angiotensin converting enzyme 
(ACE) into the octapeptide angiotensin II. Angiotensin II has effects throughout the 
body including smooth muscle,vasoconstriction, aldosterone release, renal reabsorption 
of sodium and bicabonate, increased cardiac inotrophy and chronotrophy, and central 
stimulation ofdrinking behavior and sodium uptake (Marrero et al., 1996).Angiotensin 
II binds to high affinity cell surface receptors. Several early studies demonstrated a 
heterogeneity of angiotensin binding sites (Saavedra et al., 1993). Recently, the 
development of non-peptide antagonists of angiotensinII has led to the realization that 
there are two separate classes of angiotensin II receptors now called ATi and AT2 
(Wong et al.，1995). Since 1970's, the existance of the local renin-angiotensin system 
(RAS), independent of the circulating RAS, has been confirmed and extended in 
several tissues, including the brain, pituitary, vascular, heart, adrenal, salivary gland, 
spleen, pancreas and both male and female tracts (Philips et al., 1993). The significance 
oftissue RAS is that it fiinctions differently from the circulating RAS. In the blood, it 
acts as an endocrine system forming angiotensin II extracellularly and delivering 
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angiotensin II by blood to various target tissues. On the other hand, tissue RAS 
secretes angiotensin II locally, which may have both paracrine and autocrine activities 
(Phillips et al.，1993). Recently, a shift from endocrine to paracrine research has been 
observed in many disciplines and has become critical in our understanding of many 
regulatory mechanisms. It has been suggested that fine tuning of epididymal epithelia 
anion secretion could be provided by vasoactive peptides through their paracrine and 
autocrine regulatory interactions. 
1.3 Project aims 
Previous evidence has suggested that anion secretion in the epididymis may be 
subject to local paracrine and autocrine control in addition to neural and hormonal 
regulation. A number ofvasoactive peptides such as angiotensin II have been shown to 
stimulate anion secretion and increase cellular cAMP levels in the rat epididymal 
epithelium. The present study aimed to elucidate 1) a paracrine and autocrine role of 
angiotensin II in the rat epididymis, and 2) the cellular mechanisms underlying cAMP-
dependent anion transport by the rat epididymis. 
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CHAPTER 2 METHODS AND MATEMALS 
2.1 Tissue prepararation 
Normal male Sprague-Dawley rats (350g, n=3) were anaesthetized with sodium 
penbarbital (60mg/kg i.p.). The epididymides were dissected out and fixed in Bouin's 
solution for 24 hours. The tissues were rinsed in water, dehydrated in ethanol and 
processed for routine paraffin sectioning, 5 ^un serial sections were cut through the 
entire gland. Some sections stained with haematoxylineosin for general morphological 
studies. 
2.2 Light microscopic immunohistochemistry 
Sections for light microscopic immunohistochemistry were processed for the 
indirect immunocytochemical staining methods. Tissue sections were deparaffinized 
and hydrated through a graded alcohol series and then incubated in methanol 
containing 0.3% H2O2 for 30 min. Sections were then rinsed three times in 10 mM 
PBS at pH 7.4. Antigen-antibody reactions were carried out by incubating tissue 
sections overnight at 4 °C in primary antibody; rabbit anti_angiotensin II antiserium 
diluted to 1:1000 in PBS (Penninsula Laboratories Inc., Belmont, CA, USA). The 
primary antiboby was detected using an avidin-biotin conjugate kit (Vectastain Elite 
ABC; Vector Laboratories, Burlingame, CA, USA) following the manufacturer's 
instructions. Visualization was achieved by immersing sections for 2-10 min in 3,3'-
diaminobenzidine solution (DAB substrate kit; Vector Laboratories). Another set of 
slides were reacted with YJP substrate (YJP substrate kit; Vector Laboratories) 
which gave rise to a purple stain. Slides were rinsed three times in water, 
counterstained with haematoxylin，dehydrated and mounted. 
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The specificity ofthe immunocytochemical reaction was checked by the following 
controls: (a) antiserium preabsorded with 50 ^unol angiotensin II antigen /L at 37°C 
for 2 hours before reaction with sections，(b) omission of primary antiserum and (c) a 
positive control using rat kidney for the staining of the angiotensin II in the 
juxtaglomerular cells . 
2.3 Cell culture and Radioimmunoassay 
The procedure for preparing epididymal culture has been described previously 
(Cuthbert & Wong，1986). This procedure gives rise to an epithelial cell culture 
consisting ofboth principal cells (about 80%) and basal cells (10-20%). The caudal 
epididymides of male Sprague-Dawley rats (210-230g, n=8) were dissected and 
digested with 0.25% trypsin in 10ml Hank's balanced salted solution (Life 
Technologies Inc.,Grand Island, NY, USA) for 30 min. Tissue was collected by 
centrifugation at 800g for 5min.The supernatant was then discarded and the pellet was 
resuspended again in 4 ml Eagle's Minimum Essential Medium (EMEM; ICN 
Biomedicals Inc.,Costa Mesa, CA,USA) for 8 hours. The suspension was harvested 
after the incubation period and 0.1 ml was seeded onto a 24-well tissue culture cluster 
with 1 ml completed culture medium . The culture medium was changed after 2 days 
and then changed daily. The experiments were performed on cells after 4 days in 
culture. The concentration of angiotensin II in the medium of cultured rat cauda 
epididymal epithelial cells was measured by radioimmunoassay kit (Peninsula 
Laboratories). The experiments were divided into three groups: (1) control， 
containing EMEM without cell culture; (2) culture medium, obtained from 4-day cell 
culture suspension; (3) cell lysate, supernatant from 4-day cultured cells after freeze-
thaw and sonication for 30 min. Angiotensin II activities were normalized with lOO i^l 
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of sample volume. Cellular protein was also extracted from well with 0.5 ml 500mM 
NaOH in 1% (w/v) sodium dodecyl sulphate and quantified as described by Petersen 
(1977) so that angiotensin II activity in epithelial cells could be expressed as pg cellular 
protein/mg. 
2.4 Cell culture and short -circuit current (Isc) measurement 
Epididymal cells were ioslated from male Spargue Dawly rats weighing 200-210g 
using enzyme digestion，as previously descibed (Wong, 1988a). Freshly isolated cells 
were seeded on semipermeable (HAWP, 0.45um, Milipore.Bedford, MA) and 
incubated at 3 2 � C in humidified atmosphere of 5% CO2 in air, culture medium was 
Eagle's minimum essential medium (EMEM) supplemented with 5% fetal calf semm, 
lOO i^M nonessential amino acid, 4 mM glutamine, 1 mM sodium pyruvate, 100 RJ/mi 
penicillin, and lOO[xg/mi streptomyocin. Confluent epithelial monolayers were mounted 
in modified ussing chambers 4 days after seeding. They were bathed in symmertrical 
Krebs bicarbonate solution containing (mM): NaCl, 117; KC1, 4.7; KH2PO4, 1.2; 
MgSO4.7H2O, 1.2; CaCl2.2H2O, 2.56; NaHCO3, 24.8; D-glucose, 11.1, warmed to 
32"C and gassed with a 95% 02-5% CO2 mixture. When chloride-free solution was 
used, NaCl was substituted by Na gluconate and CaCl2 by Ca Gluconate. When HCOs" 
-free solution was used, NaHCO3 was substituted by NaCl and the solution was 
buffered by lOmM HEPES at pH 7.4，gassed with 100% O2. In ClTHCOs" free 
solution, NaCl and NaHCO3 were substituted by Na gluconate, and CaCl2 substituted 
by Ca gluconate and the solution was buffered by 10 mM HEPES at pH 7.4, gassed 
with 100% O2. In all solutions, the osmolarity was adjusted to 290 mOsm/kg with D-
Mannitol ifnecessary. 
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Short-circuit curent (Isc) was recorded continously using a Voltage/Current Clamp 
Amplifier (DVC 1000, World Precision Instrument Inc, New Haven, CT). In some 
cases, transepithelial resistence was monitored by intermittently clamping the epithelia 
at 0.2-0.3 mV every 10s，The resulting current change allowed calculation of the 
resistence from the ohmic relationship. 
2.5 Reagents 
Amiloride was a gift from Merk, Sharp & Dohme (HK Ltd). Diphenylamine 
2-carboxylate (DPC) was purchased from Riedel-de-Haen (Germany), cyt-cAMP, 
4,4'-diisootMocyanostilbene-2,2Misufonicacid(DK)S),4-acetoamino-4 
isothiocyanostilbene-2,2'-disulfonate (SITS), glibenclamide, ATP were purchased 
from Sigma (St Louis, MO.USA). Dihydrogen-4,4'-diisothiocyanatostilbene-2.2'-
dissulfonic acid (H2-DnDS) was purchased from Molecular Probes (Eugene,OR., 
USA). EMEM, fetal calfserum and nonessential amino acids used in cell culture were 
purchased from Gibco Laboratories QSLY. USA). Hexokinase was purchased from 
Boehringer Mannheim (Mannheim, Germany). 
2.6 Statistical analysis 
Results are expressed as means+S.E.M. Comparions between two groups of data 
were made by student's unpaired t-test. A P value of less than 0.05 was considered 
statistically significant. 
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CHAPTER3 LOCALKATION AND DISTRTOUTION OF ANGIOTENSEV H 
JN THE RAT EPn>n)YMIS 
3.1 Introduction 
It is known that mammalian spermatozoa acquire their capacity for forward 
motility and fertilizing capacity during their transit through the epididymis. Through 
the absorptive and secretory activities ofits epithelium, the epididymis may provide a 
favourable fluid environment for spermatozoa maturation and storage (Hintin, 1980; 
Wong, 1984; Cooper, 1986; Leung & Wong，1994). The epididymal function may be 
subject to local paracrine and /or autocrine control in addition to neural and hormonal 
regulation (Wong et al., 1990). In recent years it has been demonstrated that various 
vasoactive peptides including angiotensin II stimulate anion secretion by the rat 
epididymis (Cuthbert & Wong, 1986; Wong et al., 1989,1990; Leung et al., 1992; Lai 
et al.，1994). Previous studies have provided evidence for a local renin-angiotensin 
system in the rat epididymis (Wong & Uchendu，1990,1991). Several studies have also 
indicated a potential role for angiotensin II in the epididymis. Specific angiotensin II 
binding sites were localized within different regions of the epididymis (Grove & 
Speth, 1989). Moreover, angiotensin II type 1 (ATi) receptor was recently identified 
in the tails of ejaculated rat and human sperm (Vinson et al.，1995). However, little is 
known about the localization and distribution of angiotensin II in the epididymis, 
determination of which is essential for fiirther elucidating the regulatory role of 
angiotensin II in epididymal function and, possibly, sperm function. The present study 
aims to demonstrate the distribution and localization of angiotensin II along the 
epididymal tract morphologically using immunohistochemical techniques and 
quantitatively using radioimmunoassay. 
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3.2 Results 
3.2.1 Immunohistochemical localization of angiotensin II 
Positive immunostaining of angiotensin II was repeatedly found throughout the 
basal region of caput, corpus and cauda but not the initial segment of the epididymis 
ofthe rat. Basal cells, which are commonly found at the basal region of the epididymis, 
were the sites of positive staining. The intensity of immunolabelling progressively 
increased along the epididymal tract (caput<<corpus< cauda). (Figure3- la-ld) shows 
the different staining reaction across these areas. These sections were derived from 
reaction using YJP, which showed a positive purplish colour. Since the epididymal 
tubule is normally surrounded by basal cells, the positive reaction with angiotensin II 
antiserum in these cells gave rise to the appearance of a ring of beads outlining the 
base ofthe epididymal tubules. A less complete ring ofbeads was found in the caput 
region (Figure 3-lb), whereas more complete rings ofbeads were associated with the 
corpus (Figure 3-lc) and cauda epididymal tubules (Figure 3-ld). 
Interestingly, the initial segments, which lie between the efferent ducts of the testis and 
the caput epididymis, were not immunostained by angiotensin II antiserum at all 
(Figure 3-la). This region was also characterized by thicker and taller pseudostratified 
of Robaire & Hemo (1988). Although the principal cells were generally not stained by 
angiotensin II antiserum in most of the epididymal regions, occasionally light patches 
of positively stained materials could be visualized in the apical region of the principal 
cells near lumen (Figure 3-lc and 3-ld). In some sections, more condensed 
immunostained materials were also encountered which extended towards the apical 
region of the tubule (Figure 3-lc). 
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A positive control derived from rat kidney using a similar VJP substrate kit and 
DAB substrate kit is shown in Figure 3-2，3-6. The afferent arterioles of each 
glomerulus ofthe kidney contained specialized cells calledjuxtaglomerular cells which 
had been reported to contain angiotensin II (Kastner et al.，1984). The positive 
staining by angiotensin II antiserum shown in this control fiirther substantiated the 
positive reaction shown in the basal regions of the epididymis (Figure 3-lb-ld). The 
specificity of the immunocytochemical reaction was also demonstrated by a negative 
control shown in Figure 3-3. The sections were obtained from preparations using 
preabsorbed antiserum with angiotensin II antigen and /or by omission ofthe primary 
antiserum. 
The results shown in Figure 3-4a-c and Figure 3-5 were obtained using a different 
staining kit (DAB substrate kit) and counterstained with haematoxylin to show the 
nuclei of the cells. Again, strong positive immunostaining was found to be mainly 
localized in the basal cells and lighter patches of positive staining in the principal cells 
near the lumen (Figure 3-4 b). The nuclei ofthe principal cells were stained blue but 
the nuclei ofthe basal cells were covered by the brown positive staining by angiotensin 
II antiserum. On the other hand, the initial segments did not show any positive reaction 
with angiotensin II antiserum and the nuclei of both principal cells and basal cells 
could be demonstrated (Figure 3-5). 
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3.2.2 Angiotensin II activity measured by Radioimmunoassay 
Radioimmunoassay measuring angiotensin II activity in primary epithelial cell 
cultures of rat cauda epididymis was also performed. The angiotensin II activity 
found in the cells (cell lysate) was 10.76 士 2.4 pg / 100 i^l (n=7). Significant amounts 
of angiotensin II activity was also observed in cultured medium suspension (9.10 士 
1.5 pg /lOO i^l, n=7) indicating the potential of the epithelial cells to secrete. 
Background control was performed using EMEM medium, which was only 0.84+0.33 
pg/ 100 i^l (P <0.01; Student，s unpaired t-test) when compared independently with 
the above two data groups. The angiotensin II activities found in cell lysate and 
culture medium could be expressed as 58.34+7.5 and 35.44+4.8 pg/mg protein 
respectively. 
3.3 Discussion 
This is the first study to demonstrate the localiztion and distribution ofangiotensin 
II in the epididymis using immunohistochemical technique, which lends further support 
for a local renin-angiotensin system in epididymal tissue as suggested by previous 
studies (Wong & Uchendu，1990,1991). The present study has clearly demonstrated 
the presence of angiotensin II within epididymal epithelial cells and its distribution 
along the length ofthe rat epididymis. The present study has also detected angiotensin 
II activity in culture medium as well as in cultured rat cauda epididymal epithelial 
cells, under which condition other sources of angiotensin II or its precursors, such as 
those derived from non-epithelial cells, blood and nerves, are greatly minimized if not 
entirely excluded. These results suggest that angiotensin II could be produced and 
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secreted by the epididymal epithelial cells. However, it is generally believed that in the 
systemic renin-angiotensin system the formation of angiotensinII occurs extracellularly. 
Renin secreted by the the kidney acts upon circulating angiotensinqgen produced by 
the liver, and the angiotensin I so formed is converted to angiotensin II by 
angiotensin-converting enzyme contained on the luminal surface of blood vessels. 
There is no suggestion that angiotensin II is stored and then secreted as the already 
processed peptide. Evidence for extracellular, but not intracellular, generation of 
angiotensin II has also been reported in the rat adrenal zona glomerulosa based on 
the observation that renin and immunoreactive angiotensin II and other components of 
the renin-angiotensin system were not colocalized(Urata et al., 1988). On the contrary, 
previous studies on cultured rat cauda epididymal cells have demonstrated renin-like 
and angiotensin-converting enzyme activities and contains immunoreactive angiotensin 
I and angiotensin II (Wong & Uchendu, 1991). Angiotensinogen, which is obligatory 
for an intrinsic renin-angiotensin system, has also been shown to be present in 
epididymial cells, presumably synthesized and processed in the cell cytosol by 
intracellular renin. The finding of major renin-angiotensin system components in 
cultured epididymal cells indicates intracellular generation of angiotensin II，at least 
under culture conditions. Therefore, it is quite possile that the angiotensin II like 
immunostaining observed in the present study was derived from the angiotensin II 
produced by the basal cells and, to a lesser extent, the principal cells of the 
epididymis. However, the present study does not rule out the possibility that under in 
vivo conditions angiotensin II could be produced extracellularly and then taken up by 
epididymal cells via endocytosis，which is also believed to be the other possible 
pathway for angiotensin II generation in the tissue renin-angiotensin system. Although 
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the present study has demonstrated that the antiserum used is highly specific for 
angiotensin II whose immunoreactivity was predominantly localized in the basal cells 
of the epididymal epithelium, the question remains as to whether angiotensin II is 
produced intracellularly or extracellularly in the epididymis under in vivo conditions. 
The answer to this question will rely on other experimental approaches such as in situ 
hybridization. 
The present results are consistent with the previous finding (Wong & Uchendu, 
1991) that angiotensin II was detected in both cultured epididymal cells and cell 
medium. However, the present study found that the concentration of angiotensin II in 
the culture medium was similiar to that in the cell lysate whereas, in the previous 
study, a much lower concentration of angiotensin II was observed in the culture 
medium as compared with that in cell lysate (Wong & Uchendu，1991). In that study, 
serum-free culture medium was used to avoid contamination of angiotensin II from 
any other source. In the present study, we used serum-containing medium for culturing 
epididymal cells and we also included a control from the serum-containing medium 
which was not in culture with the epididymal cells to check the background level of 
angiotensin II. A higher concentration of angiotensin II present in the culture medium 
observed in the present study suggests that serum may be required to maintain a better 
secretory activity in the cultured epididymal cells. Despite the differences, the two 
studies suggested that angiotensin II could be secreted from cultured epididymal 
cells after being produced by the cells. 
Although the present results from both immunohistochemistry and 
radioimmunoassay studies indicate the presence of angiotensin II in the epididymal 
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epithelium it should be noted that younger rats, as compared with the older ones in the 
immunohistochemical study, were used cultures to avoid contamination of the culture 
with sperm to obtain cell The amount ofangiotensin II measured in cultured cell may 
not therefore be the quantitative representation of angiotensin II observed in the 
immunohistochemical study. Nevertheless, our data obtained from different aged rats 
confirm the localization of angiotensin II in the epididymal epithelium since it was 
found in both adult and premature rats using different techniques. It should also be 
noted that the amount of angiotensin II measured by radioimmunoassay from the 
cultured cells was small. This could be due to the low percentage ofbasal cells (10-
20 %) present in the culture since the basal cells appeared to the major site of 
angiotensin II production as suggested by the immunohistochemical study. 
The evidence for a role of angiotensins in epididymal functions has been provided 
by a previous study demonstrating the effect of angiotensins on electrogenic anion 
secretion by rat epididymal epithelium (Wong et al., 1990). It was shown that 
exogenous angiotensin II elicited transient increases in short-circuit current when 
added to the basolateral as well as to the apical surfurces, with the effect of 
basolateral application significantly greater than that of apical application. The 
effect ofangiotensin II was shown to be mediated by specific angiotensin II receptors 
since the specific antagonist of the angiotensin II recptor completely inhibited the 
response to angiotensin 11. Previous electrophysiological studies demonstrating a 
higher potency ofangiotensin II on the basolateral surface (Wong et al., 1990) suggest 
that, in order to exert its maximum effect，angiotensin II secreted in vivo should be in 
the proximity of the basolateral region of the epididymal epithelium. The present 
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finding that angiotensin II is localized predominantly in the basal region, but very little 
in the apical region of the epididymal epithelium, is consistent with the notion 
suggested by the previous study. Angiotensin II secreted from the basal cells may 
exert its effect on electrolyte transport by acting on angiotensin II receptors on the 
basolateral membrane of the principal cells which are largely responsible for 
electrolyte transport. On the other hand, angiotensin II may be secreted from the 
principal cells, though a much smaller amount compared with that secreted by the ‘ 
basal cells, to act on the apical membrane of the principal cells themselves. 
The importance of eletrolyte transport in epididymal functions is emphasized by 
the observations ofprogressive changes in electrolyte composition ofthe luminal fluid 
and sperm motility in different regions along the male reproductive tract (Hinton, 
1980; Cooper, 1986; Yeung et al., 1993). Regional differences in epididymal 
electrolyte transport and in its regulation by different agonists and cellular messengers 
have been reported in the rat epididymis, suggesting that electrolyte transport could 
be finely tuned to meet the needs of sperm maturation (Lai et al., 1994; Chan et al., 
1995). The presently observed distribution pattern of progressively increasing 
angiotensin II activity along the length of rat epididymis from caput to cauda region 
suggested that the regulatory role of angiotensin II becomes increasingly important 
along the epididymal tract, which could contribute significantly to the development of 
sperm function. Consistent with notion, a role of angiotensin II in sperm function has 
also been suggested by a recent study demonstrating the presence of type 1 
angiotensin II receptors in rat and human sperm, and the effect of angiotensin II on 
sperm motion (Vinson et al., 1995). 
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One of the major findings of the present study is that angiotensin II is 
predominantly localized in the basal cells of epididymal epithelium. Athough basal 
cells are present in all mammalian epididymis studied，their functions remain largely 
unclear. Based on the abundance ofmicrofilaments observed in epididymal epithelia of 
various species (Hoffer, 1976; Vendrely，1981; Abe & Takano, 1989) and high 
cytokeratin activities observed in the human epididymis (Kasper & Stosiek, 1989), a 
supportive role of the basal cells for the epithelial structure has been suggested. In 
addition，basal cells, found to exhibit high levels of glutathione transferase in the rat 
epididymis, may also provide a protective system against oxygen stress for the 
epithelium and the maturing and stored spermatozoa (Veri et al., 1992). Recently, a 
role of basal cells as scavengers in the local immuno-defense mechanism has been 
proposed, based on the findings of selective immunoractivity toward macrophage-
specific monoclonal antibodies and ultrastructural similarities between basal cells and 
peritubular macrophages (Yeung et al., 1994). The present study provides the first 
evidence for a paracrine role of the basal cells. The finding of angiotensin II in the 
basal cells, combined with the previously observed effect of angiotensin II on anion 
secretion by the rat epididymis, suggests that the angiotensin II -containing and-
secreting basal cells ofepididymal epithelium could play a role in local regulation of 
electrolyte and fluid transport in the epididymis. The paracrine role of the basal cells 
may be further emphasized by the recent finding of angiotensin II on sperm motion 
(Vinson et al., 1995). Our data suggest that angiotensin II, synthesized and secreted 
from the basal cells, could be available to sperm along the epididymal tract. Other 
possile paracrine roles of the angiotensin II-secreting basal cells may include action of 
angiotensin II on vascular endothelium to regulate blood flow or on tubular smooth 
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muscle to regulate contraction. However, the details of angiotensin II production and 
secretion by basal cells and the precise mechanism by which angiotensin II exerts its 
paracrine effects await further investigation. The details ofcellular mechnism involved 
with anion transport in rat epididymal epithelium will be further discusssed (see 
Chapter IV). 
In summary, the present results confirm the anatomical localization ofangiotensin 
II in the rat epididymis and suggest that the angiotensin II could be derived locally 
from epididymal epithelium and that it could play a role in the local regulation of 
epithelial transport in various regions of the epididymis and in maintenance of sperm 
function. 
^2 
CHAPTER 4 CELLULAR MECHANISM OF cAMP-DEPENDENTE 
BICARBONATE SECRETION EV RAT EPn>n)YMAL EPITHELnJM 
4.1 Introduction 
Many different intracellular singnalling pathway have been attributed to angiotensin 
II. Athough a role ofintracellular Ca++ has been implicated in mediating the action of 
angiotensinII, the detail signal transduction events involved have not been investigated. 
While angiotensin II -induced ff3-linked Ca++ mobilization has been well documented 
in many tissues (Catt et al., 1993). It is controversial whether angiotensin II stimulate 
cAMP production.Early reports suggested that cAMP mediated the adrenal actions of 
agiotensin II (Bing et al., 1978)，but subsquent studies showed that AngII did not 
increase cAMP in the adrenal gland (Saruta, 1972; Fujita, 1979). It has been found that 
angiotensin II causes a fall in cAMP production by exerting an inhibitory effect on 
adenylate cyclase in many tissues including the liver, pituitary gland, kidney, aorta and 
testis (Pobiner，1985; Marie,1985; Woodcock,1982; Anard-Svivastava,1983;Khanum, 
1988). However, increase in cAMP production via eicosanoids formation has been 
observed in a number of epithelial including the airway, interestine and epididymis 
(Wong, 1990). 
Rat epididymal cells secrete anions when stimulated with secretory agoinsts that 
result in the accumulation ofintracellular cyclic AMP (Wong & Huang，1990). It has 
been suggested that the mechanism of anion secretion conforms to the three 
basolateral membrane carriers model which has been proposed for other secretory 
epithelia (Martinez & Cassity，1985; Novak & Young, 1986). In brief, chloride and 
bicarbonate are taken up into cells from the interstitial fluid via the Na+/K+ /2C1' 
symport (chloride) and the Na+/H+ and Cr/HCO3" exchanger (bicarbonate) located at 
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the basolateral membrane. Both anions leave the cell through the cell through the 
apical anion channels. It is not known whether C1' and HCOs" exit through the same or 
different channels although secretion of both ions is blockers (Wong, 1988 b). The 
energy for the active uptake ofthe anions at the basolateral membrane is derived from 
the Na+ gradient which is maintained by the basolaterally located Na+瓜+ ATPase. The 
K+ ions which have entered the cell through the basolateral Na7K+ ATPase and the 
Na+/K+/2a_ symport leave the cells through the K+ channels at the basolateral 
membrane (Wong, 1989). The Na+X+ATPase，the Na+/K+/2Cr symport and the 
basolateral K+ channel act as one functional unit which serves to accumulate C1" and 
HCOs" in the cell to above electrochemical equilibrium. In this secretion model, the 
basolateral K+ channel and the apical Cl" channel play a central role functionally 
linked. When the cells are stimulated, there is a rise in intracellular cAMP which may 
then often open the apical anion channels hence allowing diffusion of both C1' and 
HCO3' down their respective electrochemical gradients and initiating secretion . 
It is known that bicabonate in the male reproductive tract has been implicated in 
sperm activitation，in addition to its important role in determining luminal pH (Au & 
Wong, 1980). Although it has been found that epididymal epithelium secretes 
bicarbonate as well as chloride. The mechanism of bicabonate secretion across the 
epididymal epithyelium has not been fully investigated nor has its role in epididymal 
fiinctions been determined. The purpose of the present study aims to delineate HCO3' 
secretion by cultured rat epididymal epithelia using short circuit current technique. The 
cellular mechanism of bicarbonate secretion, compared to that of chloride secretion, 
will be investigated. In particular, the crucial step in secretion appears to be a cAMP-
dependent HCO3- efflux through an apical anion channel, mostly probably the cystic 
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fibrosis transmembrane conductance regulator (CFTR), known to be disrupted in the 
fetal genetic disease，cystic fibrosis (CF). Evidence is displaying that CFTR conducts 
HCO3- in addition to C1" (Poulsen et al., 1994) and that disruption ofHCOs' secretion 
by the epididymis and other exocrine glands may contribute to the clinical 
manifestation ofthe disease (Smith & Welsh，1992). Understanding the mechanism of 
cAMP-dependent HCOs" secretion and membrane components involved may also be 
useful for further elucidating the action of angiotensin II in the epididymis as well as 
the physiology functions of the epididymis in relation to the anion transport of 
epithelium and CF. 
4.2 Results 
4.2.1 Effects of Ct and HCOi on cyt-cAMP stimulated Isc in rat epididymal 
epithelia 
When incubated in normal solution containing C1" and HCO3", monolayers 
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established a transepithelial resistence and Isc of about 500 Q.cm and 2 ^uVcm， 
respectively (Wong, 1988a). Addition of cpt-cAMP (lOO i^M) to the basolateral side 
caused a rise of the Isc which was biphasic. The response consisted of a initial rise to 
a peak level which then declined and maintained at a lower but sustained level (Fig.4-
lA). In Cl'-free solution (HCOs" solution in Fig.4-lA), the initial transient phase was 
attenuated with little change in the plateau phase hence giving rise to a monophasic 
response. In HCO3" -free solution (C1" solution in Fig.4-lA), however, the response to 
cpt-cAMP consisted mainly of the initial transient phase with the sustained phase 
greatly reduced (Fig.4-lA). To measure the total charge transfer during cpt-cAMP -
stimulated secretion, the ‘ area under curve, over a 30 min stimulation period was 
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measured (Fig.4-lB). It can be seen that the response in normal solution (containing 
Cr and HCO3") was the sum of HCO3" secretion and C1' secretion, the former 
contributed to 80% and the latter to 20% ofthe total secretion (Fig.4-lB). 
4.2,2 Effects ofinhibitors on the cpt-cAMP-stimulatedIsc in HCOs'free solution 
Epithelia incubated in HCO3" free solution were stimulated with cpt-cAMP (100 
^M) added basolaterally. At the plateau phase of the response, basolaterally added 
amiloride (500^iM) and acetazolamide (50^dVl) had no effect of the current, but 
bumetanide (20 juM) added to the same side completely inhibited the current (Fig.4-
2A). Addition of H2-DroS (300 [xM) (Fig. 4-2B) or DJDS (300 i^M) (Fig.4-2C) to 
the apical bathing solution did not affect the Isc response, but addition of DPC (1 
mM) (Fig 4- 2B) or glibenclamide (400 ^iM)(Fig.4-2C) to the same side completely 
inhibited the current to the basal level. 
4,Z3 Effects ofinhibitors on the cpt-cAMP- stimulatedIsc in CVfree solution 
Monolayers were incubated in C1' free solution and challenged with cpt-cAMP 
(lOO^iM) added basolaterally. At the steady state of the response, amiloride (lO^iM) 
added apically had little effect on Isc ( Fig.4-2D). Addition ofbumetanide (20 i^M) to 
the basolateral side also had no effect. In contrast, the current was almost completely 
blocked by inhibitor ofcarbonic anhydrase. The Isc response to cpt-cAMP was greatly 
attentuated when HCO3" was removed from the Cl"-free solution (Fig.4-2E) suggesting 
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Fig 4-lA,lB. (A) Effect of Cl"and HCO3' on cyt-cAMP-stimulated Isc in culture rat 
epididymal epithelia, area 0.4cm^ .Bathing solution contained either HCO3",Cl"or both 
as indicated. cAMP (lOO^iM) was added at time zero.Each point shows the means 
±S.E.M of experiments.(B)'Area under curve'over a 30 min stimulation period for the 
three curves in (A). Each column shows the mean+S.E.M. of 5 experiments. 
42 




^ \ Ami Acet 
—\(5。0严严.)_ 






\ (300^ iM) 







\ (300^ M) 
\ 0 oGLl 
\^ (400^ M) 




Fig 4-2A-C.Isc measurement in epididymal monolayer incubated in HCO3" free 
solution. Agents were added to the basolateral (closed circles) bathing solution as 
indicated.Each record is representive of3 to 5 experiments. 
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F G) ’or Cr and HCCV free (E) . Agents were added to the basolateral (closed 
circles)or apical (open circles) bathing solution as indicated. The current deflection in 
(G) were the result ofintermittently clamping the potential at 0.2 mV .Each record is 
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Fig 4-3A-B . Isc measurement in epididymal monolayers incubated in Cl'free solution • 
Agents were added to the basolateral ( closed circles) or apical (open circles) bathing 
solution as indicated.Each record is representative of 4 experiments. 
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Fig4-3C. The % inhibition produced by DPC and H2-DEDS in (3A) and (3B) are 
shown respectively in the left and right panels.Each column represnts the 
mean±S.E.Mof4 experiments. Fig 4-3D .Isc measurements in epididymal monolayers 
incubated in C1' free solution. Agents were added to basolateral ( closed circles ) or 
apical (open circles) bathing solution as indicated .Each record is representative of 4 
experiments.. 
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Fig4-4.Isc measurements in Cl'free solution .Agents were added to basolateral (closed 
circles) or apical (open circles ) bathing solution as indicated .Each record is 
representative of 4 experiments .The current deflections in (A) are the result of 
intermittenly clamping the potential at 0.2mV. 
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Addition of SITS (300 piM) (Fig 4-2G) or H2-DK)S (200^dVO (Fig.4-2F) to the 
basolateral side of the cAMP-stimulated epithelia caused a slight stimulation of the 
current.However, amiloride at 500^iM, which is known to block the Na^-H^exchanger, 
reduced the Isc to the basal level (Fig. 4-2F). 
The effects of addition ofinhibitors to the apical bathing solution were shown in 
Fig.4-3. Addition of a dissulfonic stilbene, H2-DK)S (300 i^M) to the apical solution 
briskly inhibited the Isc response to cpt-cAMP (100 i^M) (Fig 4-3A). A maximal 
inhibition was observed at 300 _ and higher concentration (600 pM) did not cause 
a further inhibition ofthe Isc (Fig 4-3A). At this point, addition ofDPC (2mM) to the 
apical side completely inhibited the remaining current (70%) (Fig.4-3A). Similar 
degrees of the inhibition were observed if these two agents were added in a reverse 
sequence (Fig.4-3B& 4-C). DPC at a maximal dose of 4 mM inhibited the current by 
about 70%, subsequent addition 0fH2-Dn)S (300 i^M) completely brought the current 
down to the basal level (Fig. 4-3B). A similar effect to that 0fH2-DDDS was seen with 
DK)S but not with SITS (Fig. 4-3D) and the effect of DPC was mimicked by 
glibenclamide (Fig. 4-3D) which has been shown to block cAMP-activated C1" 
conductance (CFTR) (Sheppherd & Welsh, 1992). 
4.2.4Effect ofhexokinase on cpt-cAMP inducedIsc 
In order to see whether the stibene derivatives sensitive component of the Isc 
response was mediated by ATP acting on outwardly rectifying chloride channel 
(ORCC) following ATP release by cAMP, hexokinase (5U /ml) was used to trap 
ATP. Hexokinase cleaves the gamma phosphate group of ATP and transfers it to 
form glucose -6-phosphate. Fig. 4-4A shows that hexokinase at 5 U/ml did not affect 
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the cpt-cAMP -induced Isc, nor did it affect the inhibition caused by DK)S (300^iM) 
or H2-DK)S (300^M) (Fig. 4-4A & Fig. 4-3), although this concentration was found 
to block the Isc response to apical application of exogenous ATP (100 piM)(Fig. 4-
4B). This results suggest that the release of ATP by cAMP is unlikely to have given 
rise to DK)S or H2-DK)S sensitive component of the Isc. 
4.3 Discussion 
Cr secretion and HCO3' secretion by rat epididymal epithelia were studied 
independently by incubating epithelia in HCOs" -free solution and C1" -free solution 
respectively. When bathed in normal Krebs solution containing C1' and HCO3', 
epididymal monolayers responded to cpt-cAMP (lOO i^M) by a rise in Isc. The pattern 
ofresponse was biphasic, consisting of a rapid transient increase followed by a second 
delayed but sustained increase (Fig 4-lA). The first phase was found to be dependent 
on chloride and the second phase dependent on bicarbonate，indicating that the former 
is attributable to eletrogenic chloride secretion and the latter to bicarbonate secretion. 
The total charge transfer measured in epithelia incubated in normal solution 
(containing C1' and HCO3) was shown to be the sum ofthe charge transter recorded 
in Cl'-free solution and that recorded in HCO3'-free solution (Fig.4-lB), suggesting 
that Cr secretion and HCO3" secretion occur independently but additively. 
Histochemical staining for carbonate anhydrase in the intact epididymis (Cohen, 
Hoffer & Rosen, 1976; Kaunisto, Parkkila, Waheed, Sly & Rajaniemi, 1995) and in the 
primary epididymal monolayer cultures of the rat has localized the enzyme in the 
cytosol of a subpopulation of epithelial cells which may be the cellular loci for HCOs" 
secretion. These results lend support to the notion that C1' and HCO3" are secreted by 
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different cell populations. In this regard, the rat epididymis differs from the human 
airways epithelium where the forskolin-stimulated C1' secretion and HCO3' secretion 
were shown to interact in a cooperative manner (Smith & Welsh, 1992). 
In HCO3"-free solution, the cpt-cAMP-stimulated Isc is likely to be due to 
eletrogenic C1" secretion . The current is blocked by basolateral bumetanide (20 fiM) 
but not by basolateral amiloride (0.5 mM) and acetazolamide (SOp^M). Amiloride at 
millimolar concentration inhibits the Na+-tf exchanger while acetazolamide inhibits 
carbonic anhydrase which catalyses the hydration of CO2 to H" and HCOs". The lack 
of effect of these two agents are expected in the abscence ofHCO3"-CO2. Under this 
condition, Cl'uptake at the the basolateral membrane is exclusively brought about by 
the bumetanide inhibitable Na+_ K+_ 2C1' symport (Huang, Chan & Wong，1994). The 
exit of Cr at the apical membrane is inhibited by DPC / glibenclamide which are 
blockers of cAMP-activated anion conductive channels, CFTR (Fig.4-2B & 4-C), 
but not by DK)S or H2-DK)S which have been shown to be specific for the ORCC 
(Schwiebert, Egan, Huang, Fulmer, Allen, Cutting & Guggino, 1995). This model of 
Cr secretion is in line with the paradigm generally applied to cAMP-dependent C1" 
secreting epithelia (Cook & Young, 1993). 
The sustained Isc response to cpt-cAMP in Cl"-free solution is not due to Na+ 
reabsorption or C1' secretion as evidenced from the lack of effect of apical amiloride 
(10 d^VI) or basolateral bumetanide (20 ^iM) (Fig. 4-2D)，but is attributed to HCOs' 
secretion as removal of HCO3" greatly attenuated the Isc response (Fig. 4-2E). 
Basolateral application ofDK)S (300 ^iM) or H2-DroS (200fiM) did not affect the 
current (both agents caused a slight increase for reasons which are unkown), but 
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amiloride completely reduced the current to the basal level. DK)S and H2-DK)S are 
blockers of various forms ofHCO3" cotransports, the notable ones being the C1"-
HCO3" exchanger, the Na+-dependent Cl"-HCO3exchanger, and the Na+-HCO3-
cotransporter. In the absence of C1', the possible form of HCOs' cotransporter, if 
present, would be the Na -^HCO3" cotransporter. It has been shown in other HCOs' 
secreting epithelia, such as the sheep parotid gland (Poronnik, Schumann & Cook, 
1995), the pancreatic duct (Kuijpers, Van Nooy, De Pont & Bonting,1984), the gastric 
mucosa (Curci, Debellis, Caroppo & Fromter, 1994)，that a Na^-HCO3" cotransporter 
is present in the basolateral membrane to import HCOs'. The lack of inhibition by 
basolateral T>JDS and H2-DK)S in the present study argues against such a role in the 
epididymis where the accumulation ofHCO3' appears to be exclusively mediated by the 
basolateral Na+-tf exchanger. 
The exit ofHCOs" at the apical membrane is sensitive to apical application 0fH2-
DK)S (Fig. 4-3) which, at a concentration of 300 ^iM, caused a maximal inhibition of 
the Isc by 30%, higher concentrations did not inhibit the response further. At this 
point, addition of DPC (2mM) completely inhibited the remaining current. Similar 
degrees of inhibition were observated if these agents were added in a reverse 
sequence (Fig. 4-3). The effect 0fH2-DK)S was mimicked by DK)S and that ofDPC 
by glibenclamide (Fig. 4- 3D). These results can be taken to indicate that there are 
two parallel pathways for HCOs' efflux: (1) CFTR blockable by DPC/ glibenclamide, 
and (2) ORCC blockable by disulfonic stilbenes. This is highly plausible in view of a 
recent model proposed by Guggino and coworkers (Schwiebert et al., 1995) to 
illustrate a regulatory interaction between CFTR and ORCC in the airway cells. 
According to this model, cAMP can regulate ORCC by triggering the transport and 
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release of intracellular ATP through CFTR. Apical ATP is a potent agoinst for 
secretion in various epithelia. It acts on apical P2u receptors leading to activation of 
ORCC. In this way cAMP can stimulate C1" secretion via both CFTR andORCC,and 
in the absence ofCl", YLCO{ may be secreted since both CFTR and ORCC have been 
shown to conduct HCO3' (Poulson et al., 1994; Kunzelmann, Gerlach, Frobe & 
Greger, 1991). In the epidydimis, an apical P2u receptor (Wong, 1988b), an outwardly 
rectifying chloride conductance (Huang, Fu, Chung, Zhou & Wong，1993) and CFTR 
(Wong, Huang, Leung, Fu, Chung, Zhou, Yip & Chan，1992) are all known to be 
present. To test whether stilbene derivatives inhibit Isc by blocking ORCC secondary 
to ATP release, we used hexokinase to trap ATP. Hexokinase cleaves the gamma 
phosphate group from ATP and transfer it to glucose to form G-6-P. Our argument is 
that if ATP was involved in mediating the disulfonic stilbene sensitive component of 
the Isc response to cpt-cAMP, then trapping ATP by hexokinase should abolish this 
component of the current and hence DK)S and H2-DK)S sensitivity. The results (Fig. 
4-4A) shows that hexokinase at 5 U/ml did not affect the cAMP induced Isc, nor did 
it affect the inhibition caused by DD3S or H2-DK)S, although this concentration of 
hexokinase was sufficient to knock out the response to apical application ofexogenous 
ATP (lOOnM) (Fig. 4-4B). These results suggest that the release of ATP by cAMP is 
unlikely to have contributed to the disulfonic stilbene sensitive component of the Isc 
response to cpt-cAMP. 
Our hypothesis is that the disulfonic stilbenes may be blocking a Na+-HCO3_ 
cotransporter which serves as an alternative pathway, in addition to CFTR, for HCO3" 
exit. In the kidney proximal tubule, an electrogenic Na+-HCO3- cotransporter located 
in the basolateral membrane has been implicated to export HCO3' in HCO3" 
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reabsorption (Boron & Boulpaep, 1983). We propose the same mechanism for the 
epididymis except that HCOs" is secreted rather than reabsorbed and the cotransporter 
is placed in the apical rather than the basolateral membrane. As in the case of the 
kidney tubule, the transporter has a stoichiometry of 1 Na+ to 3 HCOs" and therefore 
transfers 2 negative charges in each transport cycle. The driving force for the 
transporter is provided by the negative intracellular potential，which, in the epididymal 
cells have been measured to be around -60 to -70mV (inside negative) under whole-
cell patch clamp condition. It has previously been shown that the efflux across the 
apical membrane (Fu, Huang, Wilson & Wong, 1990) would hyperpolarize the cell 
and uphold the driving force for the Na^-HCO3' cotransporter. One other point to 
support the notion that apical disulfonic stilbenes are not blocking anion channels but 
the cotransporter is that apical application ofDK)S and H2-DK)S had no effect on the 
cAMP-stimulated chloride secretion (Fig.4-2B & 4- C). 
This study has provided evidence that epididymal cells secrete C1' and HCO3" 
concurrently but independently when stimulated by cAMP. HCO3-secretion 
predominates over C1' secretion when the tissues are bathed in normal physiological 
solution. The mechanisms ofHCO3" secretion involve a basolateral Na+-H+ exchanger 
and an apical CFTR. Evidence is also provided for an apical electrogenic Na+-HCO3-
cotransporter which accounts for 30% of HCOs" secretion (CFTR acounting for 70% 
).The primacy ofHCOs" secretion in the epididymis may be provide a mechanism for 
the epididymis to regulate intraluminal pH important for sperm maturation and 
storage. The finding that about 30% of HCO3" secretion is mediated by a CFTR 
independent mechanism O<[a^-HCO3'-cotransporter) may have relevance to cystic 
fibrosis, for this would imply that physiological upregulation of the cotransporter may 
^ 
provide an alternative pathway for HCO3" exit to circumvent the defective CFTR 
function in cystic fibrosis. 
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CHAPTER 5 CONCLUSION 
Investigations into the regulatory mechanisms of electrolyte transport in the rat 
epididymis by various agents have and will continue to contribute new insights into 
our understanding ofthe basic physiology of the epididymis. In particular, the studies 
presented in this thesis provide new data on elucidating a paracrine and /or autocrine 
role of angiotensin II in the rat epididymis and the cellular mechanisms underlying 
cAMP-dependent anion transport by the rat epididymis. 
The present study has demonstrated that the localization and distribution of 
angiotensin II were present in the rat epididymis. The immunohistochemical results 
showed that angiotensin II -like immunoactivity progressively increased along the rat 
epididymis (cauda >corpus> > caput) and was predominantly in the basal region ofthe 
epididymal epithelium. Occasionally, immunostaining oflighter intensity was found in 
the apical region. The concentration of angiotensin II in cultured rat cauda epithelial 
epithelium and in the culture medium, were detected suggesting a secretory role ofthe 
epithelium. These findings suggested that angiotensin II could be derived locally from 
epididymal epithelium and it could play a role in local regulation ofepithelial transport 
by exerting its paracrine and /or autocrine effect in various regions ofthe epididymis. 
Further work is needed to demonstrate the precise origin and site of action of 
angiotensin II. It is important to localize mRNA of angiotensin II in epididymal cells by 
in situ hybridization，and determine the primary site of the angiotensin II receptors 
(ATi and AT2) at apical or basolateral membrane of the epithelia, using the Isc 
technique employing agonists and non-peptide antagonists ofangiotensin II，as well as 
immunohistochemical techniques. 
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In the present study, cAMP-dependent chloride and bicarbonate secretions were 
studied independently in the cultured rat epididymal epithelia incubated in HCO3" -free 
(containing chloride) and in Cl'-free (containing HCO3") solution, when incubated in 
normal Krebs solution containing chloride and bicarbonate, cAMP evoked a biphasic 
secretory response consisting of a rapid transient increase followed by a second 
delayed but sustained increase. The first phase was found to be dependent on chloride 
and the secend phase on bicarbonate. This indicated that the former was attributed to 
electrogenic chloride secretion and the latter to bicarbonate secretion. Chloride 
secretion and bicarbonate secretion respectively contributed to 20% and 80% of the 
total Isc response seen in normal Krebs solution. cAMP therefore preferently stimulate 
HCO3 secretion in the epithelium. Histochemical studies have shown that carbonic 
anhydase was present in discrete cells of the intact rat epididymis and cultured 
epididymal epithelia. These cells may be the cellular loci for bicarbonate secretion. 
Acetazolamide an inhibitor of carbonic anhydrase inhibited 90% of the bicarbonate 
secretion. The ionic mechanism ofbicarbonate secretion involved a basolaterally placed 
amiloride Na+/H+ exchanger and an apical CFTR and placed Na^(HCO3")n cotransport, 
CFTR can conduct HCO3" in addition to chloride, as has been found for other HCO3" 
secreting epithelia. The present study have provided evidences for an apical 
electrogenic Na -^HCO3" cotransport which accounted for 30% of HCOs" secretion 
(CFTRfor 70%). 
In summary, the present study has provided new understanding of local paracrine 
and/or autocrine regulation of epididymal anion secretion and the secretory 
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mechanisms at cellular level, which may be important to the future development of 
the post-testicular male fertility-regulating agents as well as to the understanding of 
male infertility caused by epididymal dysfunction. 
^ 
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